The conduction mechanism of large on/off ferroelectric diode currents in epitaxial (111) BiFeO3 thin film
Multiferroic materials possess ferroelastic, ferroelectric, and anti/ferromagnetic orders simultaneously 1 and are promising for the applications of next-generation devices with combined functionalities. Among various multiferroic candidates, BiFeO 3 (BFO) stands out because of its strong coupling between structural, ferroelectric, and antiferromagnetic orders at room temperature. 2 Recently, Rovillain et al. 3 demonstrated an important paradigm for magnonics through such strong coupling between magnetic and ferroelectric order parameters, i.e., the spin waves in BFO can be directly controlled by an electric-field at room temperature. Moreover, the recent discoveries of photovoltaic effect, 4 photo-induced size change, 5, 6 and photo-assisted THz emission 7 in BFO have received considerable attention because these nontrivial light-BFO interactions may open applications in optoelectronics and optomechanics, e.g., heterostructure diode, 8 photovoltaic cells, 9 deformable optical cavities. 10 While these discoveries are tantalizing, understanding the physics behind the photon-BFO interactions, including the dynamics of the photo-induced electronic excitation in BFO as well as its coupling with multiferroic orders, e.g., spin, orbit, and electric dipole, remains elusive and is yet to be studied. Femtosecond pump-probe spectroscopy has been established as a protocol to study the interactions between electrons, phonons, and magnons [11] [12] [13] [14] and is therefore employed in this work to gain insight into the excitation dynamics in epitaxial BFO thin films.
In this letter, we have investigated the ultrafast photostriction effect in BFO thin films by dual-color pump-probe measurements. We found the anisotropic photostriction in BFO is mainly driven by the optical rectification effect which demonstrates BFO would be a favorable material for the applications of ultrafast photoelastic, optoelectronic, and optomechanical devices through this non-thermal ultrafast process.
Samples used in this study are epitaxial BFO (110) thin films grown on SrTiO 3 (110) single crystal substrates by pulsed laser deposition. Film thickness was carefully controlled via tuning the deposition time and determined by the x-ray reflectivity technique. Details of the deposition procedure have been reported elsewhere in Ref. 15 . The femtosecond spectroscopy measurement was performed using a commercial Ti:sapphire laser (repetition rate: 5.2 MHz, wavelength: 800 nm, pulse duration: 70 fs) and a homemade dual-color pump-probe system with the standard lock-in technique at 260 K. The fluences of the pump beam and the probe beam are 2 and 0.1 lJ/cm 2 , respectively. The pump pulses have corresponding photon energy (3.1 eV) beyond the band gap of BFO (2.67 eV) 16 and hence can generate electronic excitations within 40 nm due to the absorption length at k ¼ 400 nm. 17 Excitation dynamics is studied by measuring the photoinduced transient reflectivity changes (DR/R) of the probe beam with photon energy of 1.55 eV in the depth of >1 lm due to the large absorption length at k ¼ 800 nm in BFO. results in a swift rise of DR/R at zero time delay. The observed excitation is triggered by transferring the electrons from 2p valence band of O to p conduction band of Bi. 17, 18 At zero time delay, number of the excited electrons generated by this non-thermal process is related to the amplitude of DR/R. These high-energy electrons accumulated in the p conduction band of Bi release their energy through the emission of longitudinal-optical (LO) phonons within several picoseconds. 19 The LO phonons further decay into acoustic phonons via anharmonic interactions, i.e., transferring energy to the lattice. This relaxation process can be detected using a probe beam, indicated by the process 1 and 2 in the inset of Fig. 1 . Special care should be taken because the probe beam could be absorbed by additional electronic transitions in BFO. It has been known that the on-site d-d transition of Fe 3þ ions (process 3 in the inset of Fig. 1 ), which should be forbidden due to the total spin of change from S ¼ 5/2 to S ¼ 3/2, 16 can occur in BFO because the parity selection rule is relaxed through the spin-orbit coupling and the octahedral distortion caused by pump pulses. 16 The relaxation processes (t > 0) represented by DR/R in BFO displays an oscillated feature, which is associated with the strain pulse in oxides, 20 and can be phenomenologically described by
The 1st term in the right-hand side of Eq. (1) is the decay of the excited electrons with an initial population number, A 1 , and a relaxation time, s 1 (dashed line in Fig. 1 ). The 2nd term is the d-d transition of Fe 3þ ions (process 3) with an absorption probability, A 2 , and a corresponding decay time, s 2 (dash-dotted line in Fig. 1 ). The 3rd term describes energy loss from the hot spot to the ambient environment within the time scale of microsecond, which is far longer than the period ($150 ps) of the measurement and hence presented as a constant (dotted line in Fig. 1 ). The last term is the oscillation component associated with strain pulse propagation: A o is the amplitude of the oscillation (dash-dot-dotted line in Fig. 1) ; s o is the damping time; T is the period; / is the initial phase of the oscillation.
Figure 2(a) shows DR/R measurements on BFO thin films with various thicknesses (40-360 nm). A discontinuity is clearly observed in the oscillation feature of DR/R after subtracting the decay background (i.e., the 1st, 2nd, and 3rd terms in Eq. (1)), as shown in the right inset of Fig. 2(a) . The amplitude and period of the first oscillation are both larger than those of the second oscillation. This oscillation is caused by the propagation of strain pulses inside the BFO thin film, namely the interference between the probe beams reflected by the thin film surface and the wave front of the propagating strain pulse as illustrated by the cartoon in the inset of Fig. 2(a) . 21 When strain pulses propagate through the BFO/STO interface, both the amplitude and period of the DR/R oscillation decrease. Consequently, the time (denoted by t BFO/STO ) needed to observe the oscillation discontinuity can be used to extract the speed of the strain pulse, which is equivalent to the sound velocity, in BFO. Results from this experiment show a linear dependence of t BFO/STO on BFO thickness (Fig. 2(b) ). The corresponding strain pulse (or sound) velocity, v BFO , along the [110] direction of BFO is estimated to be 4.76 km/s. The strain pulse velocity can be also calculated by using the strain pulse model
where k probe is the wavelength of probe beam; n probe is the refractive index in probing wavelength; h is the refractive angle of probe beam in samples; T is the period of oscillation signal in DR/R. Using k probe ¼ 800 nm, n probe ¼ 2.8 (Ref. 22 ), h ¼ 3.6 (estimated from the incident angle (10 ) of the probe beam by Snell's law) and T ¼ 29.2 ps, the strain pulse velocity, v s , is calculated to be 4.88 km/s, which is very close to the result, v BFO ¼ 4:76 km=s, obtained from our thicknessdependent t BFO/STO measurement. Recently, Smirnova et al. 23 also obtained the strain velocity of 4.31 km/s in BFO ceramics at 300 K by using pulse-echo technique at a frequency 10 MHz. A close look at the DR/R signal around zero time delay (shown in the inset of Fig. 2(b) ) reveals that the oscillation signal starts within the time scale of ps. This suggests that the time needed to generate strain pulses in BFO is within the time scale of ps. The ultrafast generation of strain pulses in BFO post interesting questions on the mechanisms that drive the ultrafast photostriction in BFO.
To explore the origin and physics behind the ultrafast photostriction in BFO, further studies of the dependence of DR/R on the azimuth angle (/) as well as the laser polarization angle (h) have been carried out (Fig. 3) . The set-up of the DR/R measurements with a variable azimuth angle is illustrated in Fig. 3(a) . Results show that DR/R at t ¼ 0 s does not change with the azimuth angle of the substrate (Fig. 3(b) ), indicating that the photo-induced excitation is isotropic in BFO thin films. Namely, the total number of photo-excited electron-hole pairs keeps constant with varying the azimuth angle of substrate. According to the scenarios commonly used as the explanations for strain pulse generation in polar materials, including (i) electron-hole deformation potential mechanism induced by pump pulses, (ii) electrostrictive effect created by separating of the electronhole pairs, and (iii) the thermal expansion of lattice due to hot carriers transfer energy to lattice, 24 the strain pulses generated from photostriction in BFO should be isotropic when the pumping fluence used is the same so that the photoexcited electron-hole pairs are kept constant in number. However, our results show that the oscillation amplitude of DR/R is not isotropic but strongly depends on /, as manifested in the inset of Fig. 3(b) which can be further separated into the isotropic part and anisotropic part with nodes. This finding indicates that the aforementioned models still work for the isotropic strain pulse generation in BFO but are insufficient to explain the observed anisotropic DR/R oscillation in our experiments, and therefore alternative explanations are needed.
Further insight into the anisotropic photostriction in BFO is provided by the study of the correlation between the oscillation amplitude of DR/R and the ferroelectric polarization of the BFO thin films. In order to avoid the birefringence effect in the (110) BFO thin film, which also contributes /-dependent oscillation signals, the polarization of the probe beam and the angle of the sample were both fixed. Only the polarization of the pump beam is rotated (Fig. 3(c) ). The oscillation amplitude was found to be maximum when the polarization of the pump beam is rotated 90 and 270 against the in-plane component of the ferroelectric polarization (P), while the minimum of the oscillation amplitude is observed at rotation angles of 0 and 180 , as shown in Fig.  3(d) . The observed two-fold symmetry of photostriction in BFO with a minimum-to-maximum ratio of 21% is consistent with the results obtained by Kundys et al. from bulk BFO crystals. 5 The same symmetry and minimum-to-maximum ratio ($19%) are also observed in the envelope of second harmonic generation (SHG) pattern 25 in (110) BFO thin films, strongly indicating the anisotropic photostriction effect and the SHG in (110) BFO thin films share a common physical origin.
In nonlinear materials, the second-order polarization (P) can be described by P ð2Þ ðtÞ ¼ e 0 v ð2Þ EðtÞE Ã ðtÞ ¼ P 
where v (2) is the nonlinear susceptibility; E(t) and E*(t) are the optical electric fields. The 1st term at the right side of Eq. (3) is the optically induced polarization to acquire a dc term, i.e., the so-called optical rectification effect, 26 and the 2nd term is associated with the SHG. Here, we argue that the optical rectification is responsible for the ultrafast anisotropic photostriction in BFO based on that the optical rectification and the SHG in nonlinear materials are derived from a common nonlinear susceptibility (v (2) ), which is a function of ferroelectric polarization. While an intensity-modulated laser pulse would produce a dc electric field inside materials within the pulse duration of femtosecond time scale, an ultrafast strain stress in BFO can be generated via electrostrictive effect which is anisotropic due to the specific direction of ferroelectric polarization (P) as shown in Figs. 3(a) and 3(c) . Moreover, the nodal feature in the symmetry of optical rectification like SHG pattern in Fig. 3(d) is smeared by the isotropic excitation of electron-hole pairs, which is revealed in the indifferentiable DR/R at t ¼ 0 s for various azimuth angles in Fig. 3(b) , to cause the nodeless photostriction pattern in Fig. 3(d) . Our finding of the optical rectification-driven ultrafast anisotropic photostriction with the time scale of optical coherence (pulse duration) in BFO is far shorter than ). In summary, we have studied the ultrafast dynamics and photostriction in (110) BFO/STO thin films by dual-color femtosecond spectroscopy. By varying the thin-film thickness, which effectively changes strain pulse propagation time, the sound velocity along [110] direction of BFO thin films is obtained and found to be 4.76 km/s. The ultrafast anisotropic photostriction in BFO is found to be mainly derived from the optical rectification effect. Our results provide basic understanding on how photon interacts with multiferroicity in BFO and opens pathways to design ultrafast device with multifunctionality.
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